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ABSTRACT

Analytical ultracentrifugation is a classical method of biochemistry and molec-
ular biology. Because it is a primary technique, sedimentation can provide first-
principle hydrodynamic and first-principle thermodynamic information for nearly
any molecule, in a wide range of solvents and over a wide range of solute concen-
trations. For many questions, it is the technique of choice. This review stresses
what information is available from analytical ultracentrifugation and how that
information is being extracted and used in contemporary applications.

CONTENTS

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

GENERAL FEATURES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
Concentration Distribution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
Rotor Speed and Temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
Elapsed Time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Viscosity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Buoyancy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

SEDIMENTATION VELOCITY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
Sedimentation of a Single Species. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
Diffusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
Hydrodynamic Nonideality. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
Correction of soand Doto Standard Conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

75
1056-8700/99/0610-0075$08.00



           

P1: SAT/MBG P2: KKK/SAT/ARY QC: NBL/tkj T1: NBL

March 23, 1999 12:49 Annual Reviews AR083-04

76 LAUE & STAFFORD

Determining Mb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
Interpretation of so20,w . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
Multiple Components. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
Interacting Systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
Methods of Analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

SEDIMENTATION EQUILIBRIUM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
Processes Leading to Equilibrium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
Time to Reach Equilibrium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
Ideal Solutions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
Ideal, Reversible Self-Associations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
Heterogeneous Mixtures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
Multiple Components Versus Multiple Species. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Ideal, Reversible Heterogeneous Associations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Nonideality. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
Methods of Analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

PROSPECTS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

INTRODUCTION

Analytical ultracentrifugation is a classical method of biochemistry and molec-
ular biology. Because analytical ultracentrifugation relies on the principal prop-
erty of mass and the fundamental laws of gravitation, it has broad applicability.
It is a primary technique requiring no standards for comparison. Sedimentation
can be used to analyze the solution behavior of nearly any molecule over a wide
range of solute concentrations and in a wide variety of solvents. Thus, while
low concentration regimes are of interest for analyzing tight associations, the
ability to characterize the thermodynamic behavior of a macromolecule at high
concentrations makes ultracentrifugation a good adjunct for drug formulation
studies, NMR, or crystallography. Add to these merits the facts that sedimenta-
tion is nondestructive, rapid, and simple, and it is easy to see why it has endured
for more than 70 years.

Analytical ultracentrifugation provides two complementary views of solution
behavior (Figure 1). Although the same instrument is used, different experimen-
tal protocols are employed. Sedimentation velocity provides first-principle,
hydrodynamic information about the size and shape of a molecule, whereas
sedimentation equilibrium provides first-principle, thermodynamic informa-
tion about the solution molar mass, association constants, stoichiometries, and
solution nonideality. For many questions, there is no substitute method of
analysis.

History
For newcomers to the field, it is important to realize that the early literature
is relevant. A history of analytical ultracentrifugation is available (135), and
excellent books and reviews by Svedberg (131), Schachman (115), Williams
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Figure 1 Two complementary methods are available using an analytical ultracentrifuge. Inter-
ference images are shown in which the vertical displacement of fringes is proportional to the
concentration at each radial position. For sedimentation velocity (A) a high rotor speed and a long
solution column is used to maximize the resolution of species. The sedimentation coefficient, s,
is determined from the rate of boundary movement, whereas the rate of boundary spreading is
used to determine the diffusion coefficient, D. These two quantities describe the hydrodynamics
of a molecule, while their ratio, s/D, can be used to determine its buoyant mass. For mixtures of
molecules, it is possible to determine Mb for each species forming a discrete boundary. Sedimenta-
tion equilibrium analysis (B) uses lower rotor speeds and shorter solution columns. At equilibrium,
the flux of sedimenting molecules is exactly balanced by the flux of diffusing molecules at each
radial position. Analysis of the resulting concentration distribution provides insight into the ther-
modynamic behavior of the sedimenting species. Solution molar masses, association constants,
association stoichiometries, and nonideality coefficients may be determined.

(141, 142), Cassasa & Eisenberg (14), and Fujita (33) cover the invariant foun-
dations of ultracentrifugation. More recent books (44, 85, 102, 119) and reviews
(37, 38) cover many of the improvements made in the past decade.

This review will stress what information is available from analytical ultracen-
trifugation using the Beckman-Coulter XLI equipped with absorbance and in-
terference optical detectors (65). In so doing, it will neglect techniques that use
preparative centrifuges and post-sedimentation analysis (5, 6, 22, 54, 87, 107).
Also, density gradient and sucrose gradient sedimentation are not covered
(81, 82, 88, 106, 129). Finally, there is a vast literature on the methods of anal-
ysis of sedimentation data. Space limitations prevent a comprehensive review
of each technique. Instead, references are made to the pertinent literature.
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GENERAL FEATURES

Sedimentation velocity and sedimentation equilibrium share several features.
For both methods, the fundamental measurement is the concentration as a func-
tion of radial position. Interpretation of these data requires knowledge of the
rotor speed, temperature, elapsed time, viscosity, and buoyancy.

Concentration Distribution
The concentration distribution is required for analysis of sedimentation data. Is-
sues surrounding the measurement of the concentration distribution include the
precision, accuracy, linearity, range, sensitivity, and selectivity with which it
can be determined. Both absorbance and interference detectors are commonly
used (65).

Absorbance detection provides greater selectivity and, depending on the char-
acteristics of the solute and solvent, superior sensitivity. Obviously, use of ab-
sorbance detection is limited to samples that absorb light and buffers that do
not. For the XLI, the linearity of the absorbance system is best below about
1.5 OD. This means that the concentration range may be limited, though this
often can be overcome by combining data acquired at different wavelengths.

Interference detection provides a signal that is proportional to the difference
in refractive index between a sample and a reference solution. This optical sys-
tem provides superior linearity, range, and accuracy compared to the absorbance
system, but it offers no selectivity. There is no need for a chromophore, which
makes it useful for working with nonabsorbing materials such as polysaccha-
rides. The sensitivity of interference detection is roughly comparable to that
of the absorbance system for proteins at 280 nm (65). The linearity is limited
only by the quality of the optics, and accurate data can be obtained at very high
concentrations (150).

Recently, fluorescence/luminescence optics have been described for the XLI
(66). While the range, linearity, and precision are still being characterized, it
appears that the superior sensitivity and selectivity of the fluorescence detection
will be useful.

Rotor Speed and Temperature
Rotor speed is expressed as the angular velocity,ω, in cgs units, whereω =
rpm·π

30 . The rotor speed is readily determined from the period of rotation, and
is maintained with great accuracy (71).

The temperature must be known and stable. This is especially true for velocity
sedimentation because of the large temperature dependence of viscosity. Two
sensors provide temperature readings for the XLI, with a radiometer being used
at chamber pressures below 100µm. Temperature is regulated by a proportional
control, which provides an accuracy and stability better than± 0.1◦C. The
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accuracy of this system can be checked using the absorbance optics and solutions
of ethanolic cobalt chloride (55, 128).

Elapsed Time
Two different elapsed times are pertinent in analytical ultracentrifugation. The
first is the reduced sedimentation time,

∫
ω2t, which is needed for determining

the sedimentation coefficient. The second is the time from the start of the
experiment, t, which is needed to determine the diffusion coefficient. The XLI
maintains both t and

∫
ω2t (as

∑
ω21t) updated at 1-second intervals. These

values are calculated and stored by the centrifuge hardware and accessed by
the software from the external computer.

Viscosity
Viscosity is a solution property that inversely affects sedimentation velocity
(148). The viscosity of an aqueous solution depends strongly on its temperature
and the concentration of macromolecules, and more weakly on the concentra-
tion of salts and other small solutes. Observed sedimentation coefficients, s∗,
must be corrected to the standard conditions of pure water at 20◦C (below). For
aqueous solutions containing low concentrations (.0.2 M) of salts, the con-
centration corrections are relatively minor; the temperature correction usually
is taken to be the same as that for pure water (69). The solvent viscosity does
not affect the final concentration distribution in sedimentation equilibrium, but
does affect the time needed to reach equilibrium directly.

Buoyancy
Archimedes’ buoyancy principle applies at the molecular level. Consequently,
the apparent net mass of a particle in solution is the anhydrous particle mass less
the mass of the solvent it displaces. If M is the solute molar mass (expressed
in g/mole), the displaced solvent mass is M¯vρ, wherev̄ is the solute’s partial
specific volume (in ml/g) andρ is thesolventdensity (in g/ml) (134). It is the
net, or buoyant, mass, Mb = M(1− v̄ρ), that always appears in sedimentation
equations.

To a first approximation, ¯v is the reciprocal of the density of the solute. The
packing of solvent molecules around a particle also influences ¯v. For example,
a charged particle will compact polar solvent in its vicinity, leading to a smaller
value ofv̄ than otherwise might be anticipated (84). Partial specific volume can
be measured from the density increment (28–30, 133) or from density perturba-
tion sedimentation equilibrium (31) or can be calculated from the composition
(32, 69, 84, 97).

Any error in the buoyancy term propagates as a threefold error in M. Hence,
accurate values of ¯v andρ are needed to calculate M from sedimentation data. It
is relatively simple to measure or calculateρ to within a few tenths of a percent
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error, and ¯v typically can be estimated to within 1%. This means that for a pure
sample exhibiting ideal solution behavior, M can be determined to within 3%
without difficulty.

Advantage can be taken of the fact that ¯v is primarily a property of a solute,
whereasρ is a property solely of the solvent. Through appropriate adjustment of
ρwith D2O or D2

18O (i.e. to make 1−v̄ρ = 0), a molecule can be made neutrally
buoyant (i.e. it neither sediments nor floats), so that it does not contribute to the
buoyant mass of other macromolecules to which it binds. This property can be
of tremendous use when examining proteins in detergent-containing solvents.
(86, 104, 105, 111, 112, 132, 139).

SEDIMENTATION VELOCITY

Sedimentation of a Single Species
While a rigorous derivation of the sedimentation velocity equation can be made
using the framework of nonequilibrium thermodynamics (134), a more intuitive
approach considers the balance of forces on a particle in a gravitational field.
When the gravitational field is first applied, the particles come to a constant ve-
locity almost instantaneously. Since the velocity is constant, there can be no net
force, meaning the gravitational and frictional forces are exactly balanced.

The gravitational force is Mbω2r, where r is the distance from the center
of rotation (in cm). Bothω2 and r are determined automatically and with
great accuracy by the analytical ultracentrifuge. The frictional force is directly
proportional to the particle’s Stokes radius, Rs and velocity, dr/dt, as well as to
the solution viscosity,η. The frictional force is written as f dr/dt, where f is the
translational frictional coefficient. The interpretation of f is discussed below.
With few exceptions (21), there is no alignment of particles in the gravitational
field, so f is a property of the entire molecule.

The balance of forces leads to Mbω
2r = f dr/dt, which is rearranged to give

the two definitions of the apparent sedimentation coefficient, s∗:

s∗ ≡ velocity

acceleration
=

dr
dt

ω2r
= d ln r

ω2 dt
= Mb

f
1.

The first definition, d ln r/ω2 dt, describes the experimental observations needed
for the measurement of s∗, whereas the second definition, Mb/f, involves the
properties of the particle and solvent. Since the buoyant mass (for incompress-
ible solvents) and the frictional coefficients are constant, s∗ is a constant. The
sedimentation coefficient contains both thermodynamic information, through
Mb, and hydrodynamic information, through f. An independent determination
of either M or f must be available to interpret s∗ further.
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The velocity of a boundary (Figure 2) can be determined as the distance
moved from the meniscus divided by the reduced sedimentation time. Thus, it
is possible to determine s∗ from:

s∗ = ln r
rm∫

ω 2 dt
, 2.

where rm is the meniscus position. For any given time, Equation 2 can be used
to transform the radial axis into an s∗ axis. This transformation is used by many
of the modern analysis methods (below).

Diffusion
Diffusion causes the boundary to spread as it moves down the cell (Figure 2).
Since there is no net force on the molecules during sedimentation, boundary
spreading is independent of sedimentation, and is described by Fick’s first law.
The diffusive flux, JD, of material at a point, r, in the concentration boundary
obeys:

JD = −D

(
∂c

∂r

)
t

3.

Figure 2 Absorbance distributions at 240 nm acquired at 20-min intervals during a sedimentation
velocity experiment with porcine pancreatic ribonuclease (∼2 mg/ml) at 20◦C and 60,000 rpm in
100 mM KCl, 10 mM BisTrisPropane, pH 6.5. The meniscus position (rm) is marked, as is the
region where the plateau concentration (Cp) can be measured. The plateau concentration decreases
with time due to the sector shape of the cell. The sector shape is required to keep the walls parallel
to the radially directed gravitational force.
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where c is the concentration. Several analysis methods provide estimates of the
translational diffusion coefficient, D, in addition to determining s∗. This is of
great use because of the Einstein-Boltzmann-Sutherland relationship between
D and f:

D = kBT

f
, 4.

where kB is Boltzmann’s constant and T is the absolute temperature. It must be
stressed that this interpretation of boundary spreading is valid only for dilute
solutions. At higher concentrations, both thermodynamic and hydrodynamic
nonideality may distort the boundary shape.

Hydrodynamic Nonideality
Hydrodynamic nonideality results from the counterflow of solvent from a sedi-
menting particle slowing the motion of a neighboring particle (41–43, 95, 113).
Since the solvent flow is in the direction opposite to sedimentation, s∗ is always
decreased by hydrodynamic nonideality. It can be shown that a graph of 1/s
versus c, over a wide range of concentrations, yields a straight line with slope
ks. If the charge effects between particles are small, ks can provide a sensitive
measure of molecular asymmetry:

ks = 2v̄

{
vs

v̄
+
[

f

fo

]3
}
, 5.

where vs is the specific volume of the solvated particle and fo is the mini-
mum frictional coefficient (69). There is no adequate interpretation for ks if
charge effects are significant. However, for an uncharged sphere, ks is∼0.004
ml/mg. This value increases by almost two orders of magnitude for asymmetric
molecules (40–43, 113). Since s∗ can easily be measured with a precision of
1–2%, hydrodynamic nonideality will not be significant for spherical molecules
at concentrations≤∼5 mg/ml. However, for more asymmetric molecules, the
effects can be apparent at concentrations below 0.1 mg/ml (42, 43). For a non-
associating system, it is best to extrapolate values of s∗ to c= 0, yielding so.

Hydrodynamic nonideality also influences the shape of a sedimenting bound-
ary. However, both thermodynamic and hydrodynamic nonideality influence
boundary spreading, with the former increasing the rate of spreading, while
the latter sharpens a boundary. Thus, for an accurate determination of D, it is
important to extrapolate measurements to c= 0, yielding Do.

Correction of so and Do to Standard Conditions
Both so and Do are dependent on properties of both the solute and of the solvent.
It is desirable to have s and D in a form that makes them dependent only
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on the solute properties (i.e. Mb and f ), so that values acquired at different
temperatures or in different solvents may be compared and discussed in terms
of changes to the solute. To account for the solvent properties, so is adjusted
for the solvent effects on buoyancy (throughρ andv̄), and both so and Do are
adjusted for the solvent effects on f (through the viscosity,η). The standard
conditions used for sedimentation are those of pure water at 20◦C. The values
of so and Do at standard conditions are calculated as

so
20,w = so

(
(1− v̄ρ)T,b
(1− v̄ρ)20,w

)(
η20,w

ηT,b

)

Do
20,w = Do

(
η20,w

ηT,b

)
,

6.

where values for water at 20◦C are denoted by subscripts 20,w, and values
for the solvent at the experimental temperature are denoted by subscripts T,b
(28, 69).

Determining Mb

One of the earliest uses for analytical ultracentrifugation was the determina-
tion of the molecular weight of dissolved macromolecules using the Svedberg
equation:

s

D
=

Mb
f

RT
f

= Mb

RT
, 7.

where R is the cgs gas constant (8.314× 107 erg/mole-◦K). Notice that s and D
do not have to be adjusted to standard conditions to determine Mb; however, the
accuracy of this method does depend on both thermodynamic and hydrodynamic
ideality holding. Also,ρ and v̄ need to be determined for the experimental
conditions to calculate M from Mb. Because it is not difficult to analyze globular
proteins under conditions where ideality holds, sedimentation velocity provides
a rapid and simple means of determining solution molecular weights with a
precision of about 5%.

Interpretation of so20,w
If M b is known, it is possible to interpret so

20,w in terms of the frictional coefficient
of the solute. The frictional coefficient, in turn, is dependent on the Stokes radius
of a particle, Rs, and the solvent viscosity: f= 6πηRS. Both the solvation
and the shape of the particle affect Rs. The solvation is important because
the sedimenting particle drags a shell of solvent with it, thus increasing its
effective size. In aqueous solutions, the concept of solvation is replaced by
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that of hydration, which usually falls into the range of 0.3–0.4 g-H2O/g-solute
(69).

The shape of the particle also affects f, with spherical particles having the
smallest possible friction for a given mass. The effect of shape on so

20,w is in-
terpreted using one of two approaches. The first, referred to as the whole-body
approach, expresses f in terms of generalized ellipsoids of revolution and is
based on the pioneering work of Perrin (39, 40). This method yields the princi-
pal axes of an ellipsoid as a structural description of the sedimenting particle.
The second approach is an extension of the Kirkwood-Bloomfield analysis in
which a structure is represented by beads arranged in space (13, 23, 24). The
intrinsic frictional force of each bead is adjusted by the velocity of the local
solvent, which is being dragged in the same direction by adjacent beads. These
forces are summed to give the frictional force on the whole particle. Ordinarily
this method is used for solutes for which there is already good structural infor-
mation (e.g. for a subunit) when questions are being asked about the solution
conformation (92). Both methods use models to try to extract multiple parame-
ters from a single measurement, f. Thus, both are subject to error if underlying
assumptions are not met.

Multiple Components
In the simplest case of a mixture of noninteracting components, a separate
boundary will form for each component in solution. If well-resolved, and under
conditions where hydrodynamic and thermodynamic ideality hold, each bound-
ary can be analyzed separately to get estimates of Mb and f. This method of
analysis has found recent use in the analysis of the stoichiometry and the shape
of antigen-antibody complexes where the assemblies are sufficiently stable to
be considered distinct species (76).

Sedimenting boundaries often overlap. Sometimes it is possible to resolve
them using time-derivative methods and Gaussian deconvolution (125, 127).
More often, though, overlapping boundaries cannot be resolved. In such cases,
a well-defined average sedimentation coefficient can still be determined. Con-
sider the rate at which the plateau region (Figure 2) is depleted. This rate
reflects the concentrations, ci, and sedimentation coefficients, si, of all species
in a mixture. The weight-average sedimentation coefficient, ¯sw, is

s̄w =

∑
i

sici∑
i

ci

. 8.

It can be shown (142) that the equivalent information is available from monitor-
ing the rate of movement of the second moment of the concentration distribution.
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The determination of the second moment position has been largely automated,
sos̄w is easily determined.

The weight-average D is not available from a sedimentation velocity exper-
iment. Instead, the gradient-average,D̄g, is obtained at the second moment
position. The ratio of ¯sw/D̄g does not yield a well-defined average molecular
weight, because the averages ¯sw andD̄g are of a different nature.

There are hydrodynamic consequences of having multiple species present.
One is the Ogston-Johnston effect, which arises because the faster species in a
mixture sediment in a solution containing the slower moving species, whereas
the slowest moving species sediments in pure solvent (58, 95). This effect not
only results in inaccuracies when determining the sedimentation coefficients,
but also can adversely affect the accuracy of concentration determinations of
the different components.

Interacting Systems
The sedimentation velocity behavior of an interacting system is more compli-
cated than that of an equivalent mixture of noninteracting components. The
complexity arises from the coupling of transport with the mass-action re-
equilibration of the transiently formed complexes (11). Consequences include
boundaries whose shapes vary with total concentration, and values of ¯sw that,
in the absence of hydrodynamic nonideality, increase with increasing concen-
tration (62, 77–79). The rate of re-equilibration relative to the rate of transport
determines the boundary shape (11). The two limiting cases, instantaneously
fast or infinitely slow re-equilibration, give rise to boundary shapes that are
independent of rotor speed. The intermediate case of kinetically limited re-
equilibration results in boundary shapes that depend on the sedimentation rate.
Infinitely slow re-equilibration is observed if the rate of dissociation occurs
on a time scale of 30 minutes or greater. Instantaneously fast re-equilibration
will be observed if disassociation rates occur on a time scale of∼0.1 sec-
ond or less. All cases may be analyzed profitably, though, if the system is
at equilibrium at the start of an experiment (11, 126). If the kinetics are not
infinitely slow, the boundaries observed in a re-equilibrating system do not
correspond to individual species. Instead, they always consist of a mixture of
species, and are called reaction boundaries. The only possible exception to this
is the slowest moving boundary, which may correspond to the smallest species
(11).

Frequently, the kinetics and thermodynamics of an interacting system are
influenced by the binding of small ligands. In such cases, the shape of the
reaction boundaries may be influenced by the local concentration of the ligand
(11, 12), particularly if the free ligand concentration is depleted significantly
by the sedimenting macromolecule (140). In such cases, valuable information
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is available from the analysis of experiments conducted at varying ligand
concentrations.

Methods of Analysis
Because of the wealth of information available on multicomponent and interact-
ing systems, the analysis of sedimentation velocity experiments is an active area
of research (7, 18, 25, 47, 118, 136). Demeler has largely automated the produc-
tion of graphs that provide diagnostics for ideal sedimentation, hydrodynamic
nonideality, thermodynamic nonideality, and interacting systems (25, 136). De-
tailed analyses for s and D are available from curve-fitting methods based on
solutions of the Lamm equation (7, 47–49, 98, 117). The recent development
of a time-derivative method, resulting in vastly improved signal-to-noise ratios,
also allows for determination of s and D from complex mixtures (125) and for
the analysis of interacting systems (126). Finally, fast computers and efficient
algorithms have permitted the use of finite-element simulations as fitting func-
tions (117). This opens the way for direct fitting to the transport equations
for interacting systems and ligand-linked interacting systems (127). A recent
review of these methods is available (18).

SEDIMENTATION EQUILIBRIUM

The defining characteristic of sedimentation equilibrium is the time-invariant
concentration gradient that develops as the flux of sedimenting molecules is
exactly balanced by the flux of diffusing molecules at each point in the cell. No
distinct boundaries are observed; instead a smooth gradient is seen (Figures 1
and 3). Hydrodynamics affect the length of time needed to reach equilibrium,
but only thermodynamics affect the equilibrium concentration gradient.

The equations that describe sedimentation equilibrium may be derived from
a number of approaches (14, 33, 35, 134, 142). Two approaches are used in this
review. The first is based on the balance of fluxes and is used when discussing
the processes that contribute to equilibrium. The second is based on the balance
of energies and is used when discussing the thermodynamics of an equilibrium
distribution.

Processes Leading to Equilibrium
For a single, thermodynamically ideal component, an equation describing sed-
imentation equilibrium is obtained from an analysis of the flux of material, in
moles per second per cm2, passing through a plane, P, of area A (Figure 3). The
flux through P due to sedimentation, Js, is the concentration of macromolecules
times their velocity: Js = c · v

A = c · sω2r
A , where the velocity, v, is defined in

terms of the sedimentation coefficient (Equation 1). The flux through P due to
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Figure 3 A schematic of the process of sedimentation equilibrium. A solution containing macro-
molecules is confined to the region between the air-liquid meniscus (rm) and the base of the cell
(rb). The gravitational field points from left to right and is directed along the radial axis (r). At any
point on this axis, the gravitational field is equal toω2r.

diffusion is described by Fick’s first law (Equation 3). At equilibrium, these
two fluxes are equal, so that c sω2r = D dc

dr . Collecting terms, this becomes

sω2

D
= 1

rc

dc

dr
= d ln c

dr2

2

≡ σ

or

σ ≡ Mbω
2

RT
, 9.

where the first definition ofσ is in terms of the experimental variables c and r,
and the second definition is in terms of the molecular weight. The sensitivity
of σ to rotor speed makes sedimentation equilibrium useful over a wide range
of molecular weights.

Integration of Equation 9 yields

c(r) = coeσ
r2−r2o

2 = coeσξ , 10.

where co is the concentration at a reference radius, ro, andσ is the exponent
(153). This simple equation is the starting point for understanding more com-
plex systems.
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Generally, a sedimentation equilibrium experiment is conducted at rotor
speeds that result in values ofσ between 2 and 15 cm−2. Under these cir-
cumstances, and for a typical cell height of 3 mm, the concentration at the
base of the cell is about 2 to 10 times the concentration at the meniscus (150).
Generally, several dilutions of a sample are examined simultaneously, and at
different rotor speeds, yielding several thousand data points spanning a 100-fold
or greater concentration range. The availability of data from such a wide con-
centration range makes it possible to accurately describe the solution behavior
of a molecule.

Time to Reach Equilibrium
The exact length of time needed to establish sedimentation equilibrium is a
complicated function of the experimental parameters and cannot be accurately
predicted except in the simplest cases (8, 20, 83, 149, 150). Although attainment
of equilibrium is determined empirically, the approximate time needed follows a
few simple rules. In general, repulsive thermodynamic nonideality will shorten
the time needed to achieve equilibrium. On the other hand, the equilibration
time increases as the square of the distance from the meniscus to the base of a
solution column. Thus, the use of shorter solution columns will speed up equi-
librium considerably, although with loss of precision (20, 63, 149). The time
needed to reach equilibrium also increases proportionally with the viscosity of
the sample. Furthermore, kinetic processes, such as mass-action associations,
may increase the time needed to reach equilibrium. In extreme cases, slow ki-
netic processes may prevent equilibrium from being established in a reasonable
time period. This is discussed further below.

An empirical demonstration of equilibrium is often made by looking for a
zero concentration difference when two concentration profiles, taken an hour or
so apart, are subtracted (150). A better procedure is to monitor the minimized
average differences in concentration profiles over time, such as is done by
MATCH (David Yphantis and Jeff Lary, available from ftp://rasmb.bbri.org).
The results from MATCH also indicate the intrinsic noise level of the data.
This is useful information when analyzing data using a nonlinear least-squares
approach.

Ideal Solutions
Goldberg showed that sedimentation equilibrium results in a thermodynamic
system in which the total internal energy (E) is minimized at each position in
the cell (33, 35). At each point the gravitational potential energy of a particle,
− 1

2Mbω
2r2, is exactly balanced by its electrochemical potential energy,µ.

The energetic contributions to sedimentation equilibrium can be understood
from consideration of this balance. For example, the gravitational potential will
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vary if Mb varies with pressure (that is, with r). This would be expected if a
solvent is compressible, leading to an increasing density with r and therefore
a decreasing Mb with r (34). Similarly, pressure-dependent changes in ¯v will
affect the gravitational potential through its influence on Mb.

Fortunately, Mb is constant for biological molecules in aqueous solutions.
Thus, the concentration gradient that develops can be analyzed in terms of the
electrochemical potential of the solute. There are several contributions to the
electrochemical potential, including the inevitable concentration gradients in
the solvent components (14), the Donnan potentials that result from the differ-
ences in sedimentation of a macromolecule and its counterions (9, 10, 19, 26,
110, 150, 152, 153), and the concentration dependence of the chemical poten-
tial of the macromolecule. Because it is this latter information that is usually
sought in a sedimentation equilibrium experiment, it is necessary to minimize
the first two contributions.

If a solute is brought to dialysis equilibrium with the solvent (i.e. the solution
is made isopotential with respect to the solvent components), the solvent can be
treated as a single component so long as the apparent isopotential partial specific
volume,φ, of the solute is known in that solvent (14). Under these conditions,
only the residual Donnan contributions must be considered, and these effects are
usually small so long as solvents of sufficient ionic strength are used (10, 110).
Fujita recently has extended this analysis to include compressible solvents
(34).

To be useful, though, the relationship betweenφ andv̄ must be defined. For
proteins in dilute aqueous solvents, the variation inφ with solvent composition
is small, and ¯v may be used in its place. However, ¯v will differ significantly
from φ in aqueous solvents that contain high concentrations of a component
(e.g. 8-M urea) or that contain a component that binds to the protein in sig-
nificant levels (e.g. detergents). Methods have been developed to calculate
φ for proteins in 6-M guanidinium chloride, 8-M urea, and certain other sol-
vents (4, 59, 69, 72, 100, 101). Likewise, there are data and methods available
for estimatingφ in detergent-containing solutions (31, 104, 105, 130, 132). For
polyelectrolytes such as DNA,φ can vary significantly with solvent composi-
tion and should be measured (28).

With these caveats removed, the concentration distribution observed in a
sedimentation equilibrium experiment is a direct reflection of the chemical
potential of the solute. However, it is the chemical potential related to the total
internal energy, E, that is observed, and not the chemical potential related to the
free energy, G. So long as a system is incompressible, the difference between
these two is insignificant. Hence, the energetics determined by sedimentation
equilibrium are usually reported as1G. Although the use of1G is appropriate
for reactions involving only small volume changes in aqueous solutions, it
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will not be valid if there are pressure-dependent effects. Fortunately, pressure
dependence can be diagnosed and analyzed (45, 53, 60–62).

For a solution containing multiple ideal species, what usually can be mea-
sured is not the concentration of individual species, but rather the total concen-
tration of all species in the solution:

c(r) =
∑

ci(r) =
∑

coie
σiξ . 11.

Ideal, Reversible Self-Associations
The equation describing reversible self-association in an otherwise ideal solu-
tion is obtained by expanding Equation 11 in terms of the species:

c(r) =
∑

coie
σiξ = co1e

σ1ξ + co2e
σ2ξ + co3e

σ3ξ + · · · , 12.

where co1andσ 1refer to reference concentration and reduced buoyant molecular
weight of the monomer, co2 andσ 2 refer to these quantities for the dimer, and
so forth. For a reversible mass action association, allσ ’s are related, so that
σ 2 = 2σ 1,σ 3 = 3σ 1, etc, so long as ¯v for each species is the same. While this is
generally a safe assumption, for cases where ¯v is not the same, the relationships
will be nonintegral. The monomer reference concentration, co1, is linked to the
other reference concentrations, con, through the equilibrium constant

Ka1⇔n = [con]

[co1]n
, 13.

where [cn] is the concentration of oligomer and [c1] is the monomer concentra-
tion. Substituting Equation 13 into Equation 12:

c(r) =
∑

ci(r) =
∑

ci
oiKa1⇔ie

iσiξ

= co1e
σ1ξ + c2

o1Ka1⇔2e2σ1ξ + c3
o1Ka1⇔3e3σ1ξ + · · · .

14.

Heterogeneous Mixtures
The equation describing the sedimentation equilibrium of a heterogeneous mix-
ture is obtained by expanding Equation 11 in terms of distinct components:

c(r) =
∑

coie
σiξ = co1e

σ1ξ + co2e
σ2ξ + co3e

σ3ξ + · · · . 15.

However, unlike a reversible association, there is no relationship linking the
different σ ’s or reference concentrations. Equation 15, then, is the formula
describing the sedimentation of a heterogeneous mixture. Because the decon-
volution of sums of exponentials is an ill-posed problem, sedimentation equi-
librium is a poor choice to characterize such mixtures. A far better approach is
to fractionate the solution and then characterize the isolated components.
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Multiple Components Versus Multiple Species
The differences between Equations 14 and 15 reveal an important distinction
between a thermodynamic component, whose concentration must be indepen-
dently specified, and a molecular species. For a single kind of reversibly self-
associating protein (Equation 14), there is only one macromolecular component
(the monomer), but multiple species, one for each distinct assembly state (i.e.
dimer, trimer, etc). The different species are linked by freely reversible equi-
libria to the monomer concentration by an equilibrium constant.

The species/component concept becomes ambiguous when the reversibility
of an equilibrium is slow. The problem arises because the practical definition
of an equilibrium depends on the time scale of the observation. For example,
suppose a protein self-association occurs with kinetics that lead to a detectable
redistribution of species on a time scale of weeks. This system would appear
to reach sedimentation equilibrium and appear to be a heterogeneous mixture
of components, because the concentration distribution would remain virtually
unchanged over the relatively short period used to establish that the system is
at equilibrium.

While at first it might seem that sedimentation equilibrium can provide mis-
leading information, in fact, one of the most powerful aspects of sedimentation
equilibrium is that it removes any ambiguity about whether the data from an
experiment should be treated as a heterogeneous mixture or as a reversible as-
sociation (9, 20, 27, 56, 109, 150, 151, 153). These two circumstances lead to
different circumstances concerning the concentration dependence and the rotor
speed dependence of the equilibrium concentration distributions, and only one
functional form (i.e. Equation 14 or Equation 15) will describe all of the data
(56).

Ideal, Reversible Heterogeneous Associations
There are two common situations that lead to heterogeneous associations. The
first is where an otherwise seemingly homogeneous solution of monomers self-
associate, but with a range of equilibrium constants. One important example
that has been treated in detail is the case of solutions containing a fraction of
monomer that is unable to associate (151). There are other examples where
there appears to be an intrinsic heterogeneity in the propensity to self-associate
(121, 122). In fact, careful scrutiny of nearly all self-associations seems to
reveal some heterogeneity. Experimental treatment of these systems is outside
the scope of this chapter, but the reader should be aware that this can be observed.

The second situation occurs when a mixture of unlike molecules associate.
Some of the most interesting interacting biochemical systems involve reversible
associations between nonidentical components. More complicated expressions
must be derived that explicitly take into account the concentrations of each
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component and the various species:

c(r) =
∑

ci(r)

= coie
σ1ξ +

∑
m

cm
o1K
′
a1⇔memσ1ξ self-association of component 1

+ co2e
σ2ξ +

∑
n

cn
o2K
′′
a1⇔nenσ2ξ self-association of component 2

+
∑
j,k

cj
o1c

k
o2K
′′′
a1⇔j+ke(jσ1+kσ2)ξ heteroassociation. 16.

Although extracting thermodynamic quantities for extremely complicated sys-
tems is still beyond the capabilities of sedimentation equilibrium, simple two-
component and three-component associations are amenable to study (3, 54, 64,
67, 68, 70, 73, 80, 94, 96, 99, 103, 114, 138). The first step in studying such a
system is to characterize the behavior of the individual components. Should
one of the components reversibly self-associate, then the analysis becomes more
difficult, though not intractable (67, 80, 96). Often, the analysis of a heteroge-
neous association is made easier by discriminating between components, either
by spectral enhancement (68, 120) or by spectral deconvolution (74, 116).

Nonideality
While reversible association is a form of nonideality, in the context of sedi-
mentation equilibrium the term nonideality is usually reserved for the repulsive
interactions between solute molecules. These interactions tend to increase the
apparent concentration, or chemical activity, ai, of a component, i, so that
ai = γici , with the nonideality coefficientγi > 1. It is ai that is balanced by
the gravitational potential, but ci that is measured by the optical systems. Be-
cause ai is greater than ci, the effect of nonideality is to suppress the observed
concentration gradient.

The two contributions to nonideality are the volume occupied by the solute
molecules (i.e. the excluded volume) and the charge-charge repulsion between
like-charged solutes. Excluded volume contributions depend on the shape and
flexibility of a molecule and are entropic. Charge-repulsion contributions are
enthalpic; they increase as the pair-wise product of the charges on the particles
but decrease inversely with supporting electrolyte concentration. The two con-
tributions to nonideality are additive. Should the effects be not too severe, the
effects of nonideality can be included in Equations 11 or 14 by approximating
the activity as a virial expansion of the concentration (64, 75, 150, 151).

In vivo systems tend to be highly crowded with large, charged particles and
are, therefore, highly nonideal. Of particular interest has been the effect of non-
ideality on associating systems. Minton and Chatelier have argued effectively
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that macromolecular associations will tend to be enhanced, sometimes spectac-
ularly so, by molecular crowding (15–17, 89, 90). Wills and Winzor have come
to similar conclusions using a statistical thermodynamics approach in which
both attractive and repulsive terms can be incorporated (36, 143–145, 147).
Because these effects can be large, there is a great deal of interest in estimating
γi for conditions that mimic those found in living systems. The centrifuge is a
good candidate for such determinations because calculation of the gravitational
potential can provide an accurate estimate of ai, whereas ci is obtained by direct
measurement (15, 16, 89, 91, 123, 143, 144, 147).

Methods of Analysis
Sedimentation equilibrium data can be analyzed by methods that fit into one of
two broad categories, graphical analysis (1, 2, 46, 52, 108–110, 137, 146, 152)
or nonlinear least-squares fitting (50, 51, 56). Each of these methods has its ad-
vantages and disadvantages. The graphical methods, as exemplified by molec-
ular weight moment analysis (109, 124, 150) and the Omega (or Psi) analysis
(46, 93), provide direct, model-independent insight into the solution thermody-
namics. These graphs provide diagnostic information that can be useful guides
for subsequent nonlinear least-squares analyses. However, all graphical meth-
ods require manipulation of the data. Therefore, whereas it has been proposed
that the Omega analysis can be used for the extraction of thermodynamic param-
eters (46, 93), it has been pointed out that the manipulation of the data distorts
the error space without increasing the information content (57). Hence, it is
the authors’ opinion that the extraction of thermodynamic parameters should
be done by direct fitting of the data using nonlinear least-squares analysis (56).

Nonlinear least-squares analysis of the primary data [i.e. c(r) as a function
of r] is the most popular method for extracting thermodynamic parameters from
sedimentation equilibrium experiments, with NONLIN the most widely used
program for this purpose (56). What makes NONLIN particularly powerful is
that it permits the analysis of several data sets simultaneously, with some of
the fitting parameters considered global to all data sets and others considered
local to each data set. Data acquired at multiple rotor speeds, at different con-
centrations, and using both the absorbance and interference detectors may be
fit simultaneously. By analyzing large quantities of data acquired over a wide
range of concentrations, it is possible to obtain monomer molecular weights,
association constants, stoichiometries, and nonideality coefficients for moder-
ately complex systems (56, 64).

PROSPECTS

There is an increasing need to quantitatively characterize the interactions that
underlie all biological processes. Analytical ultracentrifugation is a primary
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technique that is nondestructive, rapid, and simple. It is one of the few meth-
ods available for producing thermodynamic and hydrodynamic information for
complex, highly nonideal solutions. With the new advances in hardware, lead-
ing to greater discrimination between species, and the rapid development of
analysis software, promising direct fitting to transport equations for interacting
systems, analytical ultracentrifugation is the technique of choice for providing
the quantitative characterization of molecular interactions. It is certain to be
a dominant force in the advancement of biophysics, biochemistry, and molec-
ular biology over the next 70 years, just as it was an essential factor in the
development of these fields over the last 70 years.

ACKNOWLEDGMENTS

This work was supported by the National Science Foundation Grant BIR-
9314040.

Visit the Annual Reviews home pageat
http://www.AnnualReviews.org

Literature Cited

1. Adams ET Jr. 1969. Part VI. Chemically
interacting systems II. Chemically react-
ing systems of the type A+ B = AB. I.
Sedimentation equilibrium of ideal solu-
tions.Ann. NY Acad. Sci.164:226–44

2. Adams ET Jr, Williams JW. 1964. Sed-
imentation equilibrium in reacting sys-
tems. II. Extensions of the theory to sev-
eral types of association phenomena.J.
Am. Chem. Soc.86:3454–61

3. Arakawa T, Haniu M, Narhi LO, Miller
JA, Talvenheimo J, et al. 1994. Formation
of heterodimers from three neurotrophins,
nerve growth factor, neurotrophin-3, and
brain-derived neurotrophic factor.J. Biol.
Chem.269:27833–39

4. Arakawa T, Timasheff SN. 1985. Calcula-
tion of the partial specific volume of pro-
teins in concentrated salt and amino acid
solutions. Methods Enzymol.117:60–
65

5. Attri AK, Minton AP. 1986. Technique
and apparatus for automated fractionation
of the contents of small centrifuge tubes:
application to analytical ultracentrifuga-
tion. Anal. Biochem.152:319–28

6. Attri AK, Minton AP. 1987. Simultane-
ous determination of the individual con-
centration gradients of two solute species
in a centrifuged mixture: application
to analytical ultracentrifugation.Anal.
Biochem.162:409–19

7. Behlke J, Ristau O. 1997. Molecular mass
determination by sedimentation velocity
experiments and direct fitting of the con-
centration profiles.Biophys. J.72:428–
34

8. Billick IH, Dishon M, Schulz M, Weiss
GH, Yphantis DA. 1966. The effects of ro-
tor deceleration on equilibrium sedimen-
tation experiments.Proc. Natl. Acad. Sci.
USA56:399–404

9. Billick IH, Dishon M, Weiss GH, Yphan-
tis DA. 1967. Numerical solutions of the
Lamm equation.Biopolymers 5:1021–
28

10. Braswell EH. 1987. Polyelectrolyte
charge corrected molecular weight and
effective charge by sedimentation.Bio-
phys. J.51:273–81

11. Cann JR. 1970.Interacting Macro-
molecules. The Theory and Practice of
Their Electrophoresis, Ultracentrifuga-
tion and Chromatography. New York:
Academic. 249 pp.

12. Cann JR. 1982. Theory of sedimenta-
tion for ligand-mediated heterogeneous
association-dissociation reactions.Bio-
phys. Chem.16:41–49

13. Cantor CR, Schimmel PR. 1980.Size and
Shape of Macromolecules. San Francisco:
Freeman

14. Casassa EF, Eisenberg H. 1964. Ther-
modynamic analysis of multicomponent



    

P1: SAT/MBG P2: KKK/SAT/ARY QC: NBL/tkj T1: NBL

March 23, 1999 12:49 Annual Reviews AR083-04

ANALYTICAL ULTRACENTRIFUGATION 95

solutions.Adv. Protein Chem.19:287–
395

15. Chatelier RC, Minton AP. 1987. Sedi-
mentation equilibrium in macromolecu-
lar solutions of arbitrary concentration.
I. Self-associating proteins.Biopolymers
26:507–24

16. Chatelier RC, Minton AP. 1987. Sedi-
mentation equilibrium in macromolecu-
lar solutions of arbitrary concentration.
II. Two protein components.Biopolymers
26:1097–1113

17. Chatelier RC, Minton AP. 1996. Adsorp-
tion of globular proteins on locally pla-
nar surfaces: models for the effect of
excluded surface area and aggregation of
adsorbed protein on adsorption equilibria.
Biophys. J.71:2367–74

18. Correia JJ. 1999. Sedimentation velocity
analysis methods: What, when and why?
ChemTracts: Biochem. Mol. Biol.11:In
press

19. Correia JJ, Johnson ML, Weiss GH,
Yphantis DA. 1976. Numerical study
of the Johnston-Ogston effect in two-
component systems.Biophys. Chem.5:
255–64

20. Correia JJ, Yphantis DA. 1992. Equi-
librium sedimentation in short columns.
In Analytical Ultracentrifugation in Bio-
chemistry and Polymer Science, ed. SE
Harding, AJ Rowe, JC Horton, pp. 231–
52. Cambridge, UK: R. Soc. Chem.

21. Crothers DM, Zimm BH. 1965. Viscocity
and sedimentation of the DNA from bac-
teriophages T2 and T7 and the relation to
molecular weight.J. Mol. Biol. 12:525–
36

22. Darawshe S, Rivas GA, Minton AP. 1993.
Rapid and accurate microfractionation of
the contents of small centrifuge tubes: ap-
plication in the measurement of molecu-
lar weight of proteins via sedimentation
equilibrium. Anal. Biochem.209:130–
35

23. De La Torre JG. 1992. Sedimentation co-
efficients of complex biological particles.
In Analytical Ultracentrifugation in Bio-
chemistry and Polymer Science, ed. AJ
Rowe, SE Harding, JC Horton, pp. 333–
45. Cambridge, UK: R. Soc. Chem.

24. De La Torre JG, Bloomfield VA. 1981.
Hydrodynamic properties of complex,
rigid, biological macromolecules: theory
and applications.Q. Rev. Biophys.14:81–
139

25. Demeler B, Saber H, Hansen JC. 1997.
Identification and interpretation of com-
plexity in sedimentation velocity bound-
aries.Biophys. J.72:397–407

26. Dishon M, Weiss GH, Yphantis DA.

1966. Numerical solutions of the Lamm
equation. I. Numerical procedure.Bio-
polymers4:449–55

27. Dishon M, Weiss GH, Yphantis DA.
1966. Numerical solutions of the Lamm
equation. II. Equilibrium sedimentation.
Biopolymers4:457–68

28. Durchschlag H. 1986. Specific volumes
of biological macromolecules and some
other molecules of biological interest. In
Thermodynamic Data for Biochemistry
and Biotechnology, ed. H-J Hinz, pp. 45–
128. Berlin-Heidelberg: Springer-Verlag

29. Durchschlag H. 1989. Determination of
the partial specific volume of conjugated
proteins.Colloid Polym. Sci.267:1139–
50

30. Durchschlag H, Jaenicke R. 1982. Partial
specific volume changes of proteins den-
simetric studies.Biochem. Biophys. Res.
Commun.108:1047–79

31. Edelstein SJ, Schachman HK. 1967. The
simultaneous determination of partial
specific volumes and molecular weights
with microgram quantities.J. Biol. Chem.
242:2:306–11

32. Edsall JT. 1943.Apparent Molal Volume,
Heat Capacity, Compressibility and Sur-
face Tension of Dipolar Ions in Solutions.
New York: Rheinhold

33. Fujita H. 1975.Foundations of Ultracen-
trifugal Analysis. New York: Wiley

34. Fujita H. 1994. Notes on the derivation of
sedimentation equilibrium equations. In
Modern Analytical Ultracentrifugation,
ed. TM Schuster, TM Laue, pp. 3–14.
Boston: Birkhauser

35. Goldberg RJ. 1953. Sedimentation in the
ultracentrifuge.J. Phys. Chem.57:194–
202

36. Hall DR, Jacobsen MP, Winzor DJ. 1995.
Stabilizing effect of sucrose against ir-
reversible denaturation of rabbit muscle
lactate dehydrogenase.Biophys. Chem.
57:47–54

37. Hansen JC, ed. 1999. Analytical ultracen-
trifugation.ChemTracts: Biochem. Mol.
Biol. 11:In press

38. Hansen JC, Lebowitz J, Demeler B. 1994.
Analytical ultracentrifugation of complex
macromolecular systems.Biochemistry
33:13155–63

39. Harding SE. 1987. A general method for
modeling macromolecular shape in solu-
tion. A graphical (II-G) intersection pro-
cedure for triaxial ellipsoids.Biophys. J.
51:673–80

40. Harding SE. 1989. Modelling the gross
conformation of assemblies using hydro-
dynamics: the whole body approach. In
Dynamic Properties of Biomolecular As-



     

P1: SAT/MBG P2: KKK/SAT/ARY QC: NBL/tkj T1: NBL

March 23, 1999 12:49 Annual Reviews AR083-04

96 LAUE & STAFFORD

semblies, ed. SE Harding, AJ Rowe. Lon-
don: R. Soc. London

41. Harding SE. 1994. Determination of
macromolecular homogeneity, shape, and
interactions using sedimentation velocity
analytical ultracentrifugation. InMeth-
ods in Molecular Biology, Vol. 22.
Microscopy, Optical Spectroscopy, and
Macroscopic Techniques, ed. C Jones, B
Mulloy, AH Thomas, pp. 61–73. Totowa,
NJ: Humana

42. Harding SE, Berth G, Hartmann J, Jumel
K, Colfen H, et al. 1996. Physicochemi-
cal studies on Xylinan (acetan). III. Hy-
drodynamic characterization by analyti-
cal ultracentrifugation and dynamic light
scattering.Biopolymers39:729–36

43. Harding SE, Johnson P. 1985. The con-
centration-dependence of macromole-
cular parameters.Biochem. J.231:543–
47

44. Harding SE, Rowe AJ, Horton JC. 1992.
Analytical Ultracentrifugation in Bio-
chemistry and Polymer Science. Cam-
bridge, UK: R. Soc. Chem. 629 pp.

45. Harrington WF. 1975. The effects of pres-
sure in ultracentrifugation of interacting
systems.Fractions1:10–18

46. Haschemeyer RH, Bowers WF. 1970. Ex-
ponential analysis of concentration or
concentration difference data for dis-
crete molecular weight distributions in
sedimentation equilibrium.Biochemistry
9:435–45

47. Holladay LA. 1979. An approximate so-
lution to the Lamm equation.Biophys.
Chem.10:187–90

48. Holladay LA. 1979. Molecular weights
from approach-to-sedimentation equilib-
rium data using nonlinear regression anal-
ysis.Biophys. Chem.10:183–85

49. Holladay LA. 1980. Simultaneous rapid
estimation of sedimentation coefficient
and molecular weight.Biophys. Chem.
11:303–8

50. Holladay LA, Sophianopoulos AJ. 1972.
Nonideal associating systems. Documen-
tation of a new method for determining
the parameters from sedimentation equi-
librium data. J. Biol. Chem.247:427–
39

51. Holladay LA, Sophianopoulos AJ. 1974.
Statistical evaluation of ways to analyze
nonideal systems by sedimentation equi-
librium. Anal. Biochem.57:506–28

52. Howlett GJ. 1999. Analysis of hetero-
associating systems by sedimentation
equilibrium.Chem Tracts: Biochem. Mol.
Biol. 11:In press

53. Howlett GJ, Jeffrey PD, Nichol LW. 1970.
The effects of pressure on the sedimen-

tation equilibrium of chemically reacting
systems.J. Phys. Chem.74:3607–10

54. Hsu CS, Minton AP. 1991. A strategy
for efficient characterization of macro-
molecular heteroassociations via mea-
surement of sedimentation equilibrium.J.
Mol. Recognit.4:93–104

55. Johnson JB, Becker K, Edwards G. 1995.
Pressure corrections for CoCl2 as a ther-
mometer in an analytic ultracentrifuge.
Anal. Biochem.227:385–87

56. Johnson ML, Correria JJ, Yphantis DA,
Halvorson HR. 1981. Analysis of data
from the analytical ultracentrifuge by
nonlinear least-squares techniques.Bio-
phys. J.36:575–88

57. Johnson ML, Straume M. 1994. Com-
ments on the analysis of sedimentation
equilibrium experiments. InModern An-
alytical Ultracentrifugation: Acquisition
and Interpretation of Data for Biological
and Synthetic Polymer Systems, ed. TM
Schuster, TM Laue, pp. 37–65. Boston:
Birkhauser

58. Johnston JP, Ogston AG. 1946. A bound-
ary anomaly found in the ultracentrifugal
sedimentation of mixtures.Trans. Fara-
day Soc.42:789–99

59. Kawahara K, Tanford C. 1966. Viscos-
ity and density of aqueous solutions of
urea and guanidine hydrochloride.J. Biol.
Chem.241:3228–32

60. Kegeles G. 1969. Convection induced by
hydrostatic pressure in sedimentation ve-
locity experiments.Biopolymers7:83–86

61. Kegeles G, Kaplan S, Rhodes L. 1969.
The effects of pressure in high-speed ul-
tracentrifugation of chemically reacting
systems.Ann. NY Acad. Sci.164:183–91

62. Kegeles G, Rhodes L, Bethune JL. 1967.
Sedimentation behavior of chemically re-
acting systems.Proc. Natl. Acad. Sci.
USA58:45–51

63. Laue TM. 1992.Short Column Sedi-
mentation Equilibrium Analysis for
Rapid Characterization of Macromole-
cules in Solution. Palo Alto, CA: Beck-
man Instruments

64. Laue TM. 1995. Sedimentation equilib-
rium as a thermodynamic tool. InMethods
in Enzymology, ed. GK Ackers, ML John-
son, pp. 427–52. New York: Academic

65. Laue TM. 1996.Solution Interaction
Analysis: Choosing Which Optical Sys-
tem of the Optima XL-I Analytical Ul-
tracentrifuge to Use. A-1821A. Fullerton,
CA: Beckman Instruments

66. Laue TM, Anderson AL, Weber BJ. 1997.
Prototype fluorimeter for the XLA/XLI
analytical ultracentrifuge. InUltrasensi-
tive Biochemical Diagnostics II, ed. EJ



    

P1: SAT/MBG P2: KKK/SAT/ARY QC: NBL/tkj T1: NBL

March 23, 1999 12:49 Annual Reviews AR083-04

ANALYTICAL ULTRACENTRIFUGATION 97

Cohn, SA Soper, pp. 196–204. Belling-
ham, WA: SPIE

67. Laue TM, Johnson AE, Esmon CT,
Yphantis DA. 1984. Structure of bovine
blood coagulation factor Va. Determina-
tion of the subunit associations, molec-
ular weights, and asymmetries by ana-
lytical ultracentrifugation.Biochemistry
23:1339–48

68. Laue TM, Senear DF, Eaton SF, Ross
JBA. 1993. 5-Hydroxytryptophan as a
new intrinsic probe for investigating
protein-DNA interactions by analytical
ultracentrifugation. Study of the effect
of DNA on self-assembly of the bac-
teriophage cI repressor.Biochemistry
32:2469–72

69. Laue TM, Shah BD, Ridgeway TM, Pel-
letier SL. 1991. Computer-aided interpre-
tation of analytical sedimentation data for
proteins. InAnalytical Ultracentrifuga-
tion in Biochemistry and Polymer Sci-
ence, ed. SE Harding, AJ Rowe, JC Hor-
ton, pp. 90–125. Cambridge, UK: R. Soc.
Chem.

70. Laue TM, Starovasnik MA, Weintraub H,
Sun X, Snider L, et al. 1995. MyoD forms
micelles which can dissociate to form het-
erodimers with E47: implications of mi-
cellization on function.Proc. Natl. Acad.
Sci. USA92:11824–28

71. Laue TM, Yphantis DA, Rhodes DG.
1984. Rapid precision interferometry for
the analytical ultracentrifuge III. De-
termination of period of rotation, fre-
quency of rotation, and elapsed time.
Anal. Biochem.143:103–12

72. Lee JC, Timasheff SN. 1974. Partial spe-
cific volumes and interactions with sol-
vent components of proteins in guani-
dine hydrochloride. Biochemistry 13:
257–65

73. Lehrer SS, Stafford WF. 1991. Prefer-
ential assembly of the tropomyosin het-
erodimer: equilibrium studies.Biochem-
istry 30:5682–88

74. Lewis MS. 1991. Ultracentrifugal analy-
sis of a mixed association.Biochemistry
30:11707–19

75. Liu J, Laue TM, Choi HU, Tang LH,
Rosenberg LC. 1994. The self-association
of biglycan from bovine articular carti-
lage.J. Biol. Chem.269:28366–73

76. Liu J, Lester P, Builder S, Shire SJ. 1995.
Characterization of complex formation by
humanized anti-IgE monoclonal antibody
and monoclonal human IgE.Biochemistry
34:10474–82

77. Lobert S, Frankfurter A, Correia
JJ. 1995. Binding of vinblastine to
phosphocellulose-purified and AB-class

III tubulin: the role of nucleotides and
beta-tubulin isotypes.Biochemistry34:
8050–60

78. Lobert S, Isern N, Hennington BS, Cor-
reia JJ. 1994. Interaction of tubulin
and microtubule proteins with vanadate
oligomers.Biochemistry33:6244–52

79. Lobert S, Vulevic B, Correia JJ. 1996. In-
teraction of vinca alkaloids with tubulin:
a comparison of vinblastine, vincristine,
and vinorelbine.Biochemistry35:6806–
14

80. Luckow EA, Lyons DA, Ridgeway TM,
Esmon CT, Laue TM. 1989. Interaction
of clotting factor V heavy chain with pro-
thrombin and prethrombin 1 and role of
activated protein C in regulating this in-
teraction: analysis by analytical ultra-
centrifugation.Biochemistry28:5:2348–
54

81. Lustig A, Engel A, Zulauf M. 1991. Den-
sity determination by analytical ultracen-
trifugation in a rapid dynamical gradient:
application to lipid and detergent aggre-
gates containing proteins.Biochim. Bio-
phys. Acta1115:89–95

82. Marque J. 1992. Simulation of the time
course of macromolecular separations in
an ultracentrifuge. II. Controlling the so-
lute concentrations.Biophys. Chem.42:
23–27

83. Mason M, Weaver W. 1924. The settling
of small particles in a fluid.Phys. Rev.
23:412–26

84. McMeekin TL, Marshall K. 1952. Spe-
cific volumes of proteins and the relation-
ship to their amino acid contents.Science
116:142–44

85. McRorie DK, Voelker PJ. 1993.Self-
Associating Systems in the Analytical Ul-
tracentrifuge. Palo Alto, CA: Beckman
Instruments

86. Mehta P, Patel KD, Laue TM, Er-
ickson HP, McEver RP. 1997. Soluble
monomeric P-selectin containing only the
lectin and epidermal growth factor do-
mains binds to P-selectin glycoprotein
ligand-1 on leukocytes.Blood 90:2381–
89

87. Minton AP. 1990. Quantitative character-
ization of reversible molecular associa-
tions via analytical centrifugation.Anal.
Biochem.190:1–6

88. Minton AP. 1992. Simulation of the time
course of macromolecular separations in
an ultracentrifuge. I. Formation of a ce-
sium chloride density gradient at 25 de-
grees C.Biophys. Chem.42:13–21

89. Minton AP. 1993. Macromolecular
crowding and molecular recognition.J.
Mol. Recognit.6:211–14



       
P1: SAT/MBG P2: KKK/SAT/ARY QC: NBL/tkj T1: NBL

March 23, 1999 12:49 Annual Reviews AR083-04

98 LAUE & STAFFORD

90. Minton AP. 1995. A molecular model for
the dependence of the osmotic pressure
of bovine serum albumin upon concen-
tration and pH.Biophys. Chem.57:65–
70

91. Minton AP. 1997. Alternative strategies
for the characterization of associations via
measurement of sedimentation equilib-
rium. Prog. Colloid Polym. Sci.107:11–
19

92. Morgan PJ, Byron OD, Harding SE. 1992.
Ultracentrifugation: The Solution Con-
formation of Novel Antibody Fragments
Studied Using the Optima XL-A Analyt-
ical Ultracentrifuge. DS-834. Fullerton,
CA: Beckman Instruments

93. Morris M, Ralston GB. 1985. Determina-
tion of the parameters of self-association
by direct fitting of the omega function.
Biophys. Chem.23:49–61

94. O’shea EK, Rutkowski R, Stafford WF,
Kim PS. 1989. Preferential heterodimer
formation by isolated leucine zippers
from Fos and Jun.Science245:646–48

95. Ogston AG. 1961. On the variation of
the sedimentation rate of spherical par-
ticles with concentration.J. Am. Chem.
Soc.65:51–53

96. Olsen PH, Esmon NL, Esmon CT, Laue
TM. 1992. Ca2+ depedence of the in-
teractions between protein C, thrombin,
and the elastase fragment of thrombo-
modulin. Analysis by ultracentrifugation.
Biochemistry31:746–54

97. Perkins SJ. 1986. Protein volumes and hy-
dration effects. The calculations of par-
tial specific volumes, neutron scatter-
ing matchpoints and 280-nm absorption
coefficients for proteins and glycopro-
teins from amino acid sequences.Eur. J.
Biochem.157:169–80

98. Philo J. 1997. New modified Fujita-
MacCosham solution for species of
molecular weight<10,000.Biophys. J.
72:435–44

99. Philo J, Talvenheimo J, Wen J, Rosenfeld
R, Welcher A, et al. 1994. Interactions
of neurotrophin-3 (NT-3), brain-derived
neurotrophic factor (BDNF), and the NT-
3∗BDNF heterodimer with the extracellu-
lar domains of the TrkB and TrkC recep-
tors.J. Biol. Chem.269:27840–46

100. Prakash V, Loucheux C, Scheufele S, Gor-
bunoff MJ, Timasheff SN. 1981. Interac-
tions of proteins with solvent components
in 8 M urea. Arch. Biochem. Biophys.
210:2:455–64

101. Prakash V, Timasheff SN. 1985. Calcula-
tion of partial specific volumes of proteins
in 8 M urea solution.Methods Enzymol.
117:53–60

102. Ralston GB. 1993.Introduction to Analyt-
ical Ultracentrifugation. Fullerton, CA:
Beckman Instruments

103. Ralston GB. 1994. The concentration de-
pendence of the activity coefficient of the
human spectrin heterodimer. A quantita-
tive test of the Adams-Fujita approxima-
tion. Biophys. Chem.52:51–61

104. Reynolds JA, McCaslin DR. 1985. De-
termination of protein molecular weight
in complexes with detergent without
knowledge of binding.Methods Enzymol.
117:41–53

105. Reynolds JA, Tanford C. 1976. Deter-
mination of molecular weight of the
protein moiety in protein-detergent com-
plexes without direct knowledge of deter-
gent binding.Proc. Natl. Acad. Sci. USA
73(12):4467–70

106. Rickwood D. 1984.Centrifugation: A
Practical Approach. Washington, DC:
IRL. 352 pp. 2nd ed.

107. Rivas GA, Minton AP. 1993. New devel-
opments in the study of biomolecular as-
sociations via sedimentation equilibrium.
Trends Biochem. Sci.18:284–87

108. Roark DE. 1976. Sedimentation equilib-
rium techniques: multiple speed analy-
ses and an overspeed procedure.Biophys.
Chem.5:185–96

109. Roark DE, Yphantis DA. 1969. Studies of
self-associating systems by equilibrium
ultracentrifugation.Ann. NY Acad. Sci.
164:245–78

110. Roark DE, Yphantis DA. 1971. Equilib-
rium centrifugation of nonideal systems.
The Donnan effect in self-associating sys-
tems.Biochemistry10:3241–49

111. Robinson NC, Gomez B, Musatov A,
Ortega-Lopez J. 1999. Analysis of de-
tergent solubilized membrane proteins
in the analytical ultracentrifuge.Chem-
Tracts: Biochem. Mol. Biol.11:In press

112. Robinson NC, Talbert L. 1986. Triton X-
100 induced dissociation of beef heart cy-
tochrome c oxidase into monomers.Bio-
chemistry25:2328–35

113. Rowe AJ. 1977. The concentration depen-
dence of transport processes: a general
description applicable to the sedimenta-
tion, translational diffusion, and viscosity
coefficients of macromolecular solutes.
Biopolymers16:2595–611

114. Rusinova E, Ross JBA, Laue TM, Sowers
LC, Senear DF. 1997. Linkage between
operator binding and dimer to octamer
self-assembly of bacteriophage lambda c1
repressor.Biochemistry36:12994–3003

115. Schachman HK. 1959.Ultracentrifuga-
tion in Biochemistry. New York: Aca-
demic. 272 pp.



    

P1: SAT/MBG P2: KKK/SAT/ARY QC: NBL/tkj T1: NBL

March 23, 1999 12:49 Annual Reviews AR083-04

ANALYTICAL ULTRACENTRIFUGATION 99

116. Schuck P. 1994. Simultaneous radial and
wavelength analysis with the Optima
XL-A analytical ultracentrifuge.Prog.
Colloid Polym. Sci.94:1–13

117. Schuck P. 1998. Sedimentation analysis
of noninteracting and self-associating so-
lutes using numerical solutions to the
Lamm equation.Biophys. J.75:1503–
12

118. Schuck P, Millar DB. 1998. Rapid de-
termination of molar mass in modified
Archibald experiments using direct fitting
of the Lamm equation.Anal. Biochem.
259:48–53

119. Schuster TM, Laue TM. 1994.Modern
Analytical Ultracentrifugation: Acquisi-
tion and Interpretation of Data for Bio-
logical and Synthetic Polymer Systems.
Boston: Birkhäuser. 351 pp.
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